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SUMMARY

This report summsrizes the work performed under Air Force Grant AFOSR
40-64 \;The results of the study of propellant ignition by high convective
heat fluxes have shown that the gas velocity effect often observed in coavective
heating tests can be -ttributed to surface roughness. If this surface rough-
ness effect is eliminated by the use of very smooth propellant surfaces or
by use of very high gas velocities which prevent ignition of projections on
the surface, the relationship between ignition time and surface heat flux is
simply the extrapolation of the low-flux ignition data Aiso, it appears that
the effect of a burning rate catalyst is to increase the rate of reaction of
propellant -component decomposition products at the propellant surface.
Modification of the thermal ignition theory to include the effects of
surface regression for nigh 1gniter heat fluxes has lead to results which
indicate that an ignition-pressure effect on the overall ignition process
can be observed with practical 1gnition systems even when the thermal response
of the propellant itself 1s independent of pressure. The problem of transi-
tion from ign:tion to steady-state burning can be approximately ireated by this
mgggl;/ Polymer (PBAA) decomposition studies have shown that, while reactions
;nd some weight loss may occur at temperatures below 300°C, at the heating
rates of 1nteresi 1o propellant 1gnmition, the thermal effect of these reactions

.€4n probsbly be neglected for temperatures below at least 350°C. 4The results
N~
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of & re-evaluarion of the bot-wire ignition technique have been encouraging.
It 1s possible to accurdtely medsure 1gnition times from 10 msec to 10 sec,

and these results ire comparable to data from low flux radiation tests.\

~



I. INTRODUCTLON

As part of a continuing research effort, several phases of the ignition
of composite propellants have been studied. This work was supported by the
Air Force Office of Scientif:ic Research under Air Force Grant AF-AFOSR 40-64
and is being continued under Air Force Grant AF-AFOSR 40-65.

The study ot the 1z2nition characteristics of several specisl propellant
formilations employing high convective heat fluxes has been essentially com-
pleted. The polvmer decomposition study is beginning to yield interesting
quantitative results and 1s cortinuing We have resumed the extinguishment
studies employing the rarefaction tube and have confirmed previously observed
phenomena. This work 1s now progressing into new areas Work on 3 solid-
phase oriented 1gnition model 1s progressing, and the introduction into the
model the possibilitv of surface regressicn during high flux ignition has
opened what appears to be several interesting areas for study. We have started
a small program to re-evaluate the hot-wirc 1gnition method for ignition
studies and present prelim.narv ana encouraging results. Each of the above
studies 15 discussed in the following sections of the report  Separate

conclusions are presented 1n each section



Il IGNJTION THEORY

The therma! theories of 1gnition pr2sent 2 quite adequate description of
the 1gnition ¢of both compcsite and double base propellants exposed to low heat
fluxes For thz2 (as2 of 2xposure to high heat fluxes, which are of most interest
for practicsi 12nition, thc apgrzement between the simple thermal theories and
experiment 15 not 3lways good A somewhat more complicsted model than the one
assumed by the simple theorizs but which reduces to the simpler models for the
case of low fiux 1gnition 15 required A clue to the nature of the more
complex mode! 1s obtain-d bv 2 consideration of the order of magnitude of the
surface-i1gnition temperdtures calculatea from the simple ignition theories. By
appropriate selection of reasonable parameters, a calculated surface-ignition
temperature tor the low flux case of about twice the apsolute ambient temperature
can be obtainead I1f the same parametzrs 4re used for the high flux case, however,
it 1s found thit the cailculated-surface temp2ratures are about three times
ambient temper4ture A true surfdce-ignition temperature of about 600°K may
be reasonable, howwver, befcie 3 temperaturc of 900°K would be reached,
all the propellaat components would gasifvy by endothermic processes  Signi-
ficant regrcs-ion of the s30l1d surface would occur A propellant 1gnition
mode!l whicn corsi1ders this regr=ssion shouid perhaps explain the jrepelilant
response Lo high surfsce-heat tluxes it .an be argued, on the basis of steady-
state burring rates. that the solid regression need not be considered for
1grnittion, but svih srzguments are not entirelv satisfactory The ignition
heat riux mov be much gresrer than the steady-state -burning-feedback fluu,
thus the iempersture gradicnt 1n the propellent would be steeper in the 1gni-
tion case, and the less of even a few molecular layers at the solid surface
would be 1mportant Fe 2 good approximation, the vaporization of any material
near the surface can be treated as surfac: regression.

The considerstion of sarface regression in the ignition model introduces
one problem and scme 1nt.resting possibilities In the case cof the simple
thermal theories. 1gnition 1s assumed to be complete when a run-away reaction
occurs, but 1t regression 1~ considere” po run-away reaction occurs, since
presumsblv. the surtsce regression rate apust increase as needed to establish
g reasonsble bouynd on th: surtsce temper-<ture A new rgnition criterion which
is nstopous to the wo-ne-go experimental (riterion must be used The minimum

time at which the external flux ¢sn pe cut off with *ransition to steady-state



burning (or at least a continuous 1ncrease 1in the surface temperature) still
occurring would be the 1gnition time If the transition to steady-state
burning must be considered, the model must then treat 1gnition, transition to

burning 2nd stesdy-state burning

Proposed tenition model

Preliminary calculations have been wade in which it is assumed that the
ignition process can bz described by the foilowing one-dimensional, nonlinear,

partial differenti1sl equation in terms of solid temperatures.

- E 1
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The velocity, u, 1s sssumed to be a function of the surface temperature, or

for temperatures evsluated at x = 0

Ey
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In these equations, v 1s the solid absolute temperature; v, is the initial
solid temperature, t 1s time, x is the distance measured from the position of
origioal solid surtace, B, A atd C. 3and E, E,, and E_ are respectively the
product of trequency factHr and heats of reaction and the activation energy

for surface. bulk and surface absorption reactions, E_ is the activation energy

r
for the thermsl regression rate and V. would be the rste for unity value of



the exponential: Cy transforms the surface reaction rate to the regression
rate which 1s a result of surface reaction; k, p, and ¢ are respectively the
assumed constant propellant thermal conductivity, density and heat capacity;
P is the pressure in atms., Fs is the external heat flux; and R is the gas
constant. The term Fg(t) represents the heat flux from the gas phase to the
solid surface and is assumed to be zero for surface temperatures below a
certain value This term is modified by the factor P" to account for the
effect of pressure on this heat flux. The gas-phase feedback must only be
considered near the end of the ignition process and for steady-state burning.
If certain simplifying assumptions concerning the solid response are introduced,
the nature of this gas-phase feedback flux can be determined [5). The value
of n is chosen to approximate the results of the gas phase studies. The
present model is solid phase oriented and is complementary to the gas-phase
studies. In most gas phase studies relatively simple solid phase boundary
conditions are assumed, in this study a relatively simple gas-phase fecedback
term is assumed Since simultaneous treatment of the solid phase and gas
phase problems 1s probably beyond the capacity of present day computing systems,
separation of the problem in this manner would represent a reasonable approach
to the whole problem

The transformation of these equations into dimensionless form and the

details of the setup tor the numerical solution are discussed in Appendix A.

Preliminary results of computations.

Figure 1 shows qualitatively the type of information obtained by use of
this ignition model In this case propellant parameters for the F-propellant
were used and no simple gas-phase feedback term was included (Fp(t) = 0).

The time scale was adjusted for each run to bring all the surface-temperature-
time curves into the same range. For ignition heat fluxes much greater than
the calculated steady-state-burning feedback flux (from surface reaction in
this case), the transition to burning does not occur

Although the parameters selected for these runs may give results which
exaggerate this effect, it should be noted that too high an ignition flux
could produce regression and not ignition Since at higher pressures the
steady-state feedback would be higher, higher ignition fluxes could be used.
For near equalityv of these fluxes, the surface temperature appears to pass
through « maximum before reaching stable burning. The high burning rates
resulting from this high surface temperature during ignition could contribute

to the tran-ient over pressure observed with practical i1gniter systems.
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Figure 1. Typical jualitative results trom the 1gnition model which treats
surface regression A leed-back flux whih depends on surface temperature

was considered I propellant parameters were used in the model and the calculated
surface regre<siuc rate was onlyv abcut 10 per cent of the normal burning rated
under predicted steady siate burning conditlons Dirferent time scales apoly

for each value ot K i1 R 2redter tham one the surface temperature con inuously
dropped when the exteraal tlux was cut-ctt



Steady-state burning.

Th= 1znition criterion for a model including the effects of surface
regression requires at least an approximately correct steady-state-burning
model In order to select reasonable parameters for the steady-state model,
solutions to the ordinarily differential equation obtained from Equation (1)
by elimination of the time-dependent term were obtained. The parameters used
" should permit the model to predict the normal dependence of burning rate on
pressure, reasonable values of the steady-state-burning rate and the quali-
tative aspects of steady-stace burning. Figure 2 shows the result of orne
set of calculations 1n which the parameters obtiined by ignition results were
selected to correspond to the F-propellanty the feedback flux from the gas
phase was assumed to depend unon the square root of pressure and to be equal
to about one-tenth of the heat flux from surface reactions at 1 atmosphere!
znd a negligible effect of condensed phase reactions was assumed

In the pressure range of 1-50 atms , the burning rate exponent would be
about 0.4 At low pressures the burning rate appears to approach 2 steady
value, but 1i 2 surface heat 1oss term, which would be important at low pressures,
is added to the model an extinction pressure would be observed. At high
pressures thz burning rate exponent begins to decrease. Although not char-
acteristi¢ ot most propellants, such an effect is noted with composite pro-
pellants containing volatile fuel-binders [1]. The calculated, steady-state
surface temperatures were almost independent of the pressure. The model
appears to contain enough parameters that a forced fit could be achieved by
varying the,e parameters, and with certain limits, this is true. However, in
common with the results from the 1gnition model, it is found that certain

terms must be included or eliminated, and only a limited range for the vari-

- ables is allowed if a reasonable result is to be obtained.

Preliminary conclusions

The ignition model considering solid regression satisfies the requirement

ited of reducing to the simpler model at low fluxes and of producing ignition times

at higher tlux levels which are 1n qualitative asgreement with experiment It
isly represents o tirst ottempt to handle the problem of transition from 1gnition

to burning  The general model appears to be selective with respect to terms
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which may be included and their order of magnitude A great deal is known
about ignition and burning, and it may be that only a single arrangement of
terms and psrameters will be sble to produce 2 model which will make predictions
in agreement with this knowledge. For example, the detailed model containing
the parameters used to generste Figure 2 appears to be unstable when treated
in Equatioa (1) Although a solution to the non-time dependent form exists,
any deviation from this steady-state condition results in the beginning of a
run-away reaction or in extinction. A high gas-phase-feedback flux appears
to be required to stabilize the system. A flux-limited regression rate may
be required.

It appears that the results of this type of analysis may be useful in
the interpretation of our low-frequency combustion instability work and our

extinguishment studies.
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IIT1. IGNITION OF PROCPELLANTS BY HIGH CONVECTIVE HEAT FLUXES

The planned work employing the shock tube to study i1gnition by convective
heat transfer from hot gases has been completed Appendix B 1s a summary of
part of this work, and a discussion of the apparatus is presented there
The material from this Appendix foimed the basis for a poper presented at the
1964 Fall meeting of the Western States Section of the Combustion Institute.
The following paragraphs summdrize the major conclusions from this work, only
a limited amount of experimental ~vidence i> presented here  Additional
details are presented in Appendix B and in a technical report to be 1ssued

in the first quarter of 1965.

Propellant composition studies.

Thermal decomposition studies on ammonium perchlorate at fairly slow
heating rates relative to those used in the ignition of solid propellants
indicate that several metal oxides can be used to increase the rate of thermal
decomposition as well as the extent of decompusition of otherwise pure ammonium
perchiorate  The addition of these metdgl oxides drastically lowers the temp-
erature at which the ammonium perchlorats wilil underguv spontaneous deflagration
(critical temperature). One of the most excensive studies of the effect of
catalysts on decomposition of ammonium perchlorate wdas reported by Kuratani
[8]. The results of this work are summarized as follows.

l. Cupric oxide, cuprous oxide, cuprous chloride, and zinc oxide

were found to promote both the low temperature and high
temperature ammonium perchlorate decomposition reactions.

2. Nickel oxide and chromic oxide (Cr203) promoted primarily

the low temperature decomposition reactions

3. Manganese dioxide and copper chromite promoted primarily

the high temperature decomposition reacttions

4. Aluminur. oxide. titanium dioxide, ferric oxide, and

venadium pentoxide did not appear to promote anv of the

decomposition redactions of ammonium perchlorate

The low temperdature decomposition reactions are those which take place
below about 350Y C and appear to be associated with the decomposition of

int~rmosdic ammonium perchlorate
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Other studies which appear to be useful relative to ignition of pro-
pellants are those by Hermoni and Salmon 6.. They found by careful experi-
ments that cdarbon, manganese dioxide, and copper chromite mainly influence
ammonium perchlorate decomposition reactions in the solid phase, while chromic
oxide and cuprous oxide influence gas-phase decomposition reactions

Investigations by Solymosi and Revesz{ll] on the effect of ferric oxide
on decomposition of ammonium perchlorate showed ferric oxide to have only a
slight effect in the temperature range of 210-240 °C. A noticeable contri-
bution to the decomposit.on of ammonium perchlorate was observed 1n the
region of 245-270 °C.

Since considerable work has been done on ammonium perchlorate decomposi-
tion, 1t appeared that some information on the mechanism of ignition of sol:id
propellants could be obtained by making an ignition study on propellants
containing metal oxides as catalysts. The ignition of five different pro-
mellants was studied under high convective heat fluxes. The compositions of
these propellants is shown in Table I.

Samples of propellant with freshly cut surfaces were exposed to con-
vective heat fluxes in the range of 40 to 130 calfcm®)sec) Since the shock
tube was used for these studies, the maximum testing time was limited to less
than 25 msec  Under these conditinons it was found that oaly the propellant
coatsining two per cent iron oxide (designated as AD) would ignite over the
entire range of surface heat fluxes Propellant Z which contained two per cent
zinc oxide and one per cent iron oxide ignited, but ignition times were about
50 per cent longer than for propellant AD. Propellants Y and AA containing
zinc oxide and chromic, respectively, showed some indication of reaction at
the surface as indicated by a small deflection of the photocell signal. This
small amount of luminosity was only observed at a flux level of about 100
cal/cm™isec) The time for the appearance of this slight luminosity, which
did not lead to steady detlagration, wdas about the same as that for the 1gni-
tion ot propellant Z Propellant AB which contained cuprous oxide occasivnally
1gnitec when subjected to fluxes of 90-110 calfcm Ysec).

Microscopic examination of the surfaces of samples which did not ignite
showed that for all samples which gave a slight i1ndication of reaction at the
surface there was some ablation of both polymer dand ammonium perchlorate
In the case of the propellant containing zinc oxide there was considerable
charring of the polymer for high flux runs, although no light signal was

observed
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Because of the test period limitation encountered with the shock tube
it was not possible to obtain adequate datda to determine the relative effects
of the catalysts studied on ignition of ammonium perchlorate propellants.
A general ohservation which can be made at this time is that catalysts which
appear to be most effective in promoting the thermal decomposition of ammonium
perchlorate are not necessarily effective in promoting igniticn. Apparently
thermal decomposition studies of ammonium perchlorate at very low heating rates
do not give information which can be applied directly to the ignition of pro-
pellants. Furthermore. it is observed that non-volatile iron oxide, which does
not effect greatly the thermal decomposition of ammonium perchlorate, appears
to be an extremely effective ignition catalvst.

The ignition of a propellant mav be greatly influenced by the ability
of the catalyst to promote reactions between ammonium perchlorate decomposition
products and the binder-fuel or of the ammonium perchlorate decomposition
products themselves. It is known that both iron oxide and the so-called
copper chromite, which also is an ignition catalyst, are oxidation catalysts.
Although additional experimental work is required, it appeais that when
these ignition catalysts are used, steady deflagration uf the propellant is
initiated ty surface catalyzed reactions. At least two mechanisms seem
possible:

1 The promotion, by heterogeneous catalysis, of reaction

between initial AP decomposition products; subsequent reaction
occurs between the resulting fragments and either solid

polymer or polymer decomposition products; or

2. The heterogeneously catalyzed reaction between the de-

composition products of both propellant ingredients.

Eithe: of these mechanisms could explain the results of ignition tests
in which large, pressed pieces of AP were in contact with the PBAA polymer.
Although complete transition to steadv-state burning never occurred, significant
reaction was observed only when the catalyst was present i1n the AP and when
the gas flow direction was from the polvmer to the AP.

Although the results of tests 1n which catalyzed propellants were formed
by use of non-volatile carbon black as fuel-binder were obscured by questions

concerning surface roughness, the 1gnition of these materials was similar
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to that of polymer-fueled propellants and 1ndicated that the direct surface
oxidation of the fuel-binder is possible

A number of propellants have been tested each of which represented
variations in the basic F.propellant compesition. Variations in oxidizer
loading and particle size were studied For the limited varraticn (+ 5 per
cent) in AP loading, no significant effect on ignition response was noted
No significant effect was noted for variations in the AP-particle size except
when all fine particles were used. The propellant containing all fine AP
was more difficult to ignite than F propellant by convective heat fluxes
(see Appendix B); this is prcbably because a smoother surface can be cut with

this propellant and is not the resvlt of 2 true difference in ignition response.

Gas velocity effects and surface roughness.

When the ignition respunse of a solid propellant to convective heating
is studied, an effect of high gas velocities is often noted 3,101, The normal
procedure is to determine the gas velocity above which the effect is first
noted and to make subsequent tests below this velocity. The existence of this
gas velocity effect is often considered as evidence that the rate controlling
ignition reactions occur in the gas phase. Although a major objective of
this work was not the study of this gas velocity effect, enough data were
obtained to indicate a rather novel explanation of the phenomenon. Appendix
B presents some of the data from this study.

In the case of the ignition 1n nitrogen of the catalyzed propellents
studied, the following characteristics of the gas velocity effect were noted:

1. Higher velocrities result in longer ignition times. At pressures of
250-350 psia, an effect is noted at gas Mach numbers as ' v as 0.1.

2. The gas Mach number appears to determine the magnitude in shift
vi the ignition times from the zero velocity case.

3. 1If the catalyst is chdnged from copper chromite to ferric oxide,
the 1gnition times and gas velocity shift remain essentially
unchanged.

4. The gas velocity effect 1s aslmost eliminated when the propellants
contain onlv fine dammonium perchiorate. Under the same test
conditions the i1gnition c1mes of these propellants are alwavs
longer than the 1gnition times ot propellants containing the same

lodading of AP but with a rormal si12e¢ distribution.
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and U propellants were obtained at

(See reference
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smooth suarface to the hot gases

~as flow past the propellant suvrface
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indicated Mach number is for the



es.

15.

The last of these conclusions is the most important. The cut surface
of an all-fine AP propellant is much smoother than the cut surface of a
propellant which contains coarse AP. Microscopic examination indicates that
the surface roughness of the fine AP propellant is t 2-3 micron while the
roughness of the F propellant would be t 10-15 micron or the same order of
magnitude as the fluid-dynamic boundary layer. Because of the surface rough-
ness, the exposed AP particles are exposed to two-dimensional heating. At
low velocities, ignition of the rough surfaces would occur at abnormally low
apparent surface temperatures. At high velocities, the decomposition pro-
ducts from the exposed particles would be diluted by the heating gases and
would not be effective in promoting ignition. In the case of either very
high velocities or very smooth surfaces, true one-dimensional heating and
ignition would occur. Figure 3 shows a plot of the F-propellant-ignition
results from the low-flux radiation furnace and from the shock tube for a
gas velocity of nearly Mach one. Also shown are the ignition data for
the U propellant (all i5-micron AP) at low and high velocities. The agree-
ment between these three sets of data obtained under apparently vastly
different conditions is remarkable. The procedure of studying convective
ignition at low velocities only is apparently the sure way of not detecting
the true cne-dimensional ignition response of the propellant. Since gas
velocities approaching a Mach number of one are often used in practical 1gni-
tion systems, the surface roughness effect is eliminated and one-dimensional
heating is of primary importance.

If this gas-velocity effect on ignition comes solely from a sweeping
away of gas-phase decomposition products, changes in the ammonium prechlorate
particle size would not influence the results. In fact, it would appear
likely that if a diluting effect were the only consideration, a smoother
surface would result in less dilution and ignition of smooth surfaces would
be easier than for the rough surfaces. The opposite is observed.

Since it is obvious that the transition to burning requires the
establishment of an easily observable gas-phase flame, anything which prevents

the establishment of the flame will prevent transition to burning. At high

velocities the exposed AP crystals on a rough surface are not effective 1n
establishing a steady-state deflagration wave. When ignition occurs by one-
dimensional heating, the transition to steadv-state burning is apparentlv
quite rapid, and the limiting reaction for i1gnition is probably the de-

composition of the propellant 1ingredients.
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IV. HOT WIRE ICNITION TESTS.

Most of the techniques used for the study of ignition of solid rocket
propellants are not entirely satisfactorv becavse thev require complicarted
apparatus use indirect measurement of <¢nergy fluxes and/or are accurate only
over a limited range of energy fluxes, Often the data are quite imprecise.
None of these factors are prublems when i1gnition is studied by use of
electrically heated wires, The major cbjection to this hot-wire technique
is that the sample pressure can notbe easilv defined, but since it appears
that pressure does not have a great effect on the ignitions ot the¢ composite
propellants of interest. this may not be a serious objection. As a resalt
of these considerations, a program was started to reevaluate the hot-wire
method for the study of composite propellant ignition. The first phase of
this work was similar to the work of Altman and Grant 12} except 1n this
case, the propellant was cast around the wire. Appendix C elaborates the
t.chnique and presents the initial results, This appendix formed the major
portion of a paper presented at the Autumn 1964 meeting of the Western States
Section of the Combustion Institute, Table 11 presents values of the
integral which must be evaluated to form the solution to the heat conducticn
equation tor the case of an infinitely long wire of finite conductivity
embedded 1n an intinite bodv of propeltant. [ne major conclusions trom this
work are:

l. At the time of 1gnition the voitage drop across the heated wire
suddenly decreased. This is probably the result of ionization of
the confined high-pressure-combustion products., Go-no-go tests
were used to confirm that this drop was coincident with 1gnition.
Since ignition could be detected by measurement of the voltaye
across the wire. 1gnition times trom 1O msec to 10 sec were
measured with this simple apparatus,

2. Lincar-surface-temperatures at ignition and 1ntertace heat fluxes
can be calcurared by use 0of wire energv generation rates measured
during cach test,

3. Ihe calculated surtace temperat sres were 40-50 "C tavher than those
calculated from radratien tarnace data, This ditterence ts probably

the result o, o polymer laver tormine arcund the wire which pre-
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vented direct AP-wire contact. Such a surface condition would be
typical of propellant surfaces cast against casting mandrels.

Some additional work is being done in evaluating the hot-wire method.
Different diameters of nichrome wire are being used and a number of different
propellant compositions are being studied. Because the temperature coefficient
of resistance of the nichrome wire is very low, the voltage drop across the
wire is almost constant during a constant-current run. When the nichrome
wire is replaced by nickel, which has a high temperature coefficient of resis-
tance, it is expected that the wire temperature-time relationship can be
measured directly and that irregularities in this relationship can be used

to determine when gasification of the propellant begins.
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V. EXTINGUISHMENT OF BURNING PROPELLANTS.

The study of the extinguishment of burning propellants by use of the
rarefaction tube was reactivated during the last quarter of the grant
period, 1Initial tests were made in which the burning surface was in the
plane of the closed end of the rarefaction tube during the period of pressure
decrease., In this case the sample is exposed to a decreasing pressure with
no parallel nor normal gas velocity at the suriface., The preliminary results
confirm previous conclusions that a catalyzed propellant cannot be extinguished
by pressure decay rates as high as 100,000 psi/sec. The uncatalvzed. composite
G propellant was extinguished by a rapidly decreasing pressure, and a study is
being made with this propellant. Preliminary results indicated that long
time constant phenomena are associated with the extinction., Tests are planned
in which the burning surface will be exposed to varying intervals of cold gas

flow parallel to the surface.
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VI. FUEL-BINDER DECOMPOSITION STUDIES.

This work was initiated in an effort to characterize the propellant fuel-
binder decomposition reactions that are of importance in composite propellant
ignition, Data from steady-state regression rates measured by hot-plate
tecuniques are probably not applicable, since by these techniques the strongest
bonds which yield large polymer fragments must be broken while the breaking of

weak bonds which yield lighter fragments may occur during ignition.

Conventional pvyrolysis studies.

Small samples of polymer (1 x 0.1 x 0.2 cm) were injected into flowing
nitrogen or oxygen in a heated stainless tube. The tube was 3/8-inch i.d.
and was heated over a 4-foot length to insure that the gas temperature was
uniform at the point where the sample, held in a coiled wire sample holder,
was thrust into the flowing gas. The sample holder, mounted uon a rod, was
injected and removed through an air-locx which permitted high pressure
operation of the system. The gas flow rate in the tube of 250 standard cc/min
was high enough to insure that the sample was heated tc the gas temperature
in less than one second. The polymer used in this study was prepared by
mixing polybutadiene, acrylic acid and an epon resin (No. 828) in the
weight ratio of 81, 4 and 15. and by curing at 170 °F for seven days.

Pyrolysis rates were measured in nitrogen and in oxygen below the ignition
temperature by measuring the weight loss of samples exposed to the hot gases.
Figure 4 shows results obtained at 22.5 psia and 285 °C and 275 °C in nitrogen
and oxygen. .he data can be fit to no simple rate law, probably because of
competing reacticns. and are presented as per cent loss versus time. Except
for short exposures, the pyrolysis rates in nitrogen were much greater than
in oxygen. An activation energy of 25-30 kcal was calculated for the initial
pvrolysis reaction 1n nitrogen. Samples pyrolyzed in nitrogen changed from
a yolden color to a dark brown and from a rubber-like material to a tough
plastic. Apparently thermal polymerization occurred. Samples pyrelyzed in
oxvgen became brittle and were a glossy black. Apparently cross-linking
involving oxygen occurred. In all cases, the sample si1ze was not diminished
by the loss of material, and pyrolysis occurred uniformly throughout the

sample. The polymer fragments evolved were quite large and could be condensed
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at room temperature.

Ignition in oxygen occurred at higher temperatures. Figure 5 shows
the minimum temperature required for ignition in pure oxygen as a function
of pressure. At these temperatures, ignition occurred in 5-30 seconds after
insertion of the sample.

Although these tests were not intended to form a comprehensive study.

a number of fairly firm conclusions are apparent

1. 1In order to characterize the polymer reactions, tests must be made in
the time scale of interest. The importance of each competing reaction such
as decomposition, thermal polymerization or oxygen cross-linking varies
according to the conditions and duration of a test.

2. This polymer decomposes at significant rates in the tempe:ature
range of 250-350 °C by homogenous decomposition. Reactions in this
temperature range are of prime importance in composite propellant ignition.

3. One might be tempted to draw conclusions concerning the nature of
the oxygen-polymer ignition reaction on the basis of these tests, but an
objective view would shown that a firm conclusion cannot be established.

A proponent of a heterogeneous oxidation mechanism can point out that the oxygen
cross-lirking reaction would probably be exothermic. When the energy release
rate of this reaction exceeded the rate at which energy could be transferred
to the gas phase, the polymer temperature would rise; and the cross-linking
reaction would soon be replaced by a direct oxidation reaction. Most of

the evidence, however, would support a gas-phase ignition mechanism. The
temperature and pressure range required for ignition corresponds to the

range normally required for the homogeneous ignition of gaseous hydrocarbon-
oxygen mixtures. The mass-flux of polymer at the sample surface was about
one per cent of the oxygen mass=~flux past the surface; thus, in the boundary
layer, a wide range of fuel to oxygen ratios would exist. The observed
"induction" period of 5-30 seconds for these tests is of the same order as
that of a hydrocarbon-oxvgen ignition. This question, concerning the nature
of the oxida'ion reaction, is possibly ot academic interest only. In the
case of propellant ignition in a neutral atmospkere, the primary oxidizing

agent is unlikely Lo be oxygen,
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Farct pyrolysis studies.

PBAA polymer decomposition studies were made for the time intervals
of interest in ignition. Films of polymer were coated on the surface of
thin-film heat-flux gages. The gages were ! cm diameter x 5 cm long pyrex
cylinders, and a platinum resistance thermometer was formed on one flat end
by firing an organic platinum paint onto the surface. Opaque polymer films,
which contained 4% carbon black, covered the resistance thermometer. The
polymer-coated heat flux gages, which were shielded to insure one-dimensional
conduction, we.  nushed into the radiation furnace. The platinum fiim
measured the interface temperature of polymer and pyrex; and the gage output,
which was proportional to this temperature, was displayed as the photo-
graphically recorded trace of an oscilloscope. These time-temperature data
were converted tc a time heat-flux at the gage surface relationship by
well-known techniques |[7].

Early in this work it was observed that the products of the pyrolysis
reactions irreversibly altered the resistance of the platinum resistance
thermometer, and in later tests the platinum film was coated with a very
thin layer of SiO» formed by vacuum deposition. In most cases, the SiO:-
film adequately protected the platinum.

Even with SiO> coated gages, the preliminary tests with this technique
were confusing. As a check on the technique, tests were made to determine
whether black-body-radiation fluxes in the furnace could be measured. As
a result of these tests, it was found that when the gage surface temperatures
exceeds 100 °C, two corrections to the heat-flux-gage readings were required.
First the variation in thermal properties of the gage must be considered.
Also the temperature coefficient of resistance of the gage was found to change
from 2.65 x 107> °C™* to 2.41 x 10™° °C™! rather abruptly at about 110 °C.

By use of the best available data on the effect of temperature on the
thermal properties of pyrex [ 4, 9 ] and the results of externsive computer
calculation, a simple by satisfactory technique for treating the thermal
property variation was developed. When the black-body-radiation flux
measurement data were corrected, it was found that the measured fluxes

were constant with time and were within 2 per cent of the values calculated

from the Stefan-Boltzmann equation and the measured furnace temperature.
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The fast pyrolysis data obtained with Si0» coated gages were then
corrected for variations in the pyrex properties and for the observed
change in the film temperature coefficient of resistance. The final
results, although not highly reproducible, are rather significant. Figure 6
presents typical results of the best of these pyrolysis tests under
vacuum (.01 atm). Shown on the same time scale are the measured temperatures
and fluxes at the polymer-gage interface. Also stown are the results of
computex calculations for temperatures and heat fluxes which should agree
with the measured values if no reactions occurred, the polymer-film
thickness was .0l cm and the assumed thermal properties of the polymer
and gage were correct. Considering the nature of the assumptions, the
agreement between observed and calculated values of temperature and flux are
good., Table III summarizes the computer calculations, and indicates that
for time intervals greater than about five seconds, the temperature change
across the inert polymer film should be within one per cent of the
asymptotic value of 54.6 °C, and the heat flux at the interface should be
98 per cent cf the surface heat flux. For exposure times greater than
2-3 seconds, to a good first approximation, the polymer surface temperature
was 50 °C above the interface temperature shown in Figure 6 and deviations
of the interface-heat flux from the observed maximum value can be attributed
to reactions within the polymer film.

The interface-heat-flux relationship in Figure 6 is quite interesting.
This heat flux is much below the anticipated value for the first five
seconds of the run. During this period absorbed water is apparently
evaporating from the polymer. Since in a closed system the amount of water
evolved could be determined and since the energy required to remove the
water is close to the heat of vaporization of pure water, this phenomena
can be used as a check or tc calibrate the method. Fecr exposure times
of 5-10 seconds, the interface flux was nearly constant and presumably
approaches the surface heat flux. When the interface temperature reached
about 210 °C (a polymer surface temperature of 260 °C) an endothermic
reaction began and the interface heat flux dropped continuously. If the
maximum value of the intertace-heat flux is assumed to be equal to the
surface heat-flux and the difference between this value and the observed

flux is attributed to reaction within the film, an activation energy
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for this endothermic reaction of 25-30 kcal can be calculated. The inter-

face heat flux ceased to decrease after about 20 seconds of exposure.

The surface temperature would be about 340 °C at this time. At this time
regression of film occurred or else the reactints for the endothermic
reaction were exhausted. 1In these tests the polymer film was lost from
the gage. The measured heat-flux at the surface of the gage approached
the surface value at later times.

Figure 7 shows the results of a similar test in which the polymer
film was exposed to .85 atms of oxygen. In oxygen the period of water
removal is noted, and a decrease in heat flux signifying reaction at
a surface temperature of about 250 °C is noted. Once reaction starts,

a smoothly decreasing heat flux is not observed. The irregularities

in the heat-flux-time relationship shown in Figure 7 are typical of
oxygen tests and are always observed. Some oxygen-polymer reaction
occurs. Ignition occurs soon after what appears to be regression starts
(at a surface temperature of 340 °C).

Although further developmeirt of the fast pyrclysis method is required,
some conclusions can be drawn from this work.

1. Although some polymer reactions occur at temperatures less than
350 °C, the net reduction in effective surface heat flux would be ounly
about 0.1 cal/(sec)(sq cm) and could be neglected for high surface-heat
fluxes.

2. Significant surface regression of thi. polymer appears to start
at about 340 °C which is above the calculated linear surface temperature
at ignition for the low-flux ignition of a catalyzed AP propellant made
from this polymer and is in the range of calculated ignition temperatures
expected at high heat fluxes.

3. Endothermic pyrolysis reactions may occur belew 30" °C which do
not result in weight loss of the polymers. This technique can detect such
reactions.

4., Exothermic oxygen-polymer reactions apparently occur before ignition.
Ignition in oxygen appears to start when regression of the polymer begins.

5. The results of the fast pyrolysis reactions appear to be reasonable
extrapolations of the results from the conventional tests. Pyrolysis
activation energies and oxygen ignition temperatures determined by the

two methods are comparable.
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The fast pyrolysis work is continuing, and tests are being made in
an imaging furnace. A GE DFD 1000-watt projection lamp is used as an
energy source, and replaces a carbon arc in the furnace for this
purpose. Energy flux levels to 20 cal/(sec)(sq cm) can be obtained
with this system. At the sample positiun a uniformly radiated (1 0.5%)
one-centimeter square area is obtained. Because the position of the
lamp filament is fixed, the reproducibility of heat-flux distribution
tests is excellent. Since the sample can be contained in a sealed
chamber , pyrolysis products can be collected and analyzed. 1In order
to avoid problems associated with corraction of the heat-flux gage data,
polymer films are being mounted on covper discs of known weight. and
the disc temperature is measured by use of a thermocouple Once the
technique for this study is perfected, several typical polymers will

be considered.



APPENDIX A.

MATHEMATICAL DETAILS FOR THE IGNITION THEORY SOLUTION

In the following discussion the dimensionless form of the equations are
in an approximate FORTRAN notation. Single variables are represented by one or
a combination of several upper case letters (i.e., B or REX), and multiplication
is indicated only by means of an asterisk. In this notation exp (b) denotes eB.
Equation (1) was put into dimensionless form by means of the substitutions shown
in the following table.
TABLE IA.

Dimensionless Variables in FORTRAN Notation

Definition in real notation

Dimensionless Quantity Symbol from Equation (1)
R_
1, temperature U Ep v
2. distance X RB_ X
Epk
. RB t
3. time T (EiF z;;;;
4. heat flux F Fs
B
5. velocity REX -(Eg (0c) u
6. pressure PRESS P/1 atms
7. activation energy ratio D Ea/Ep
8. activatiou energy ratio E E./Ep
9. activation energy ratio R Er/Ey
10. coefficient for exponential DD A/B
11. coefficient for exponential EE C
E
12. coeff‘cient for exponential RR (Eg (vc) Vi
E
13, coefficient for exponential CB Gﬁg (be) Cp
14, coefficient for gas phase GA Fa(t)/B

feedback flux

15. pressure exponentiai GN n

R
16. initial temperature Y (Eb> Yo
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In dimensionless form and in this notation, Equation (1) becomes-

U U Sy D |
- = * - * -
or - REX ¥ Ry %2 T DD ¥ ERP -y (14)
For T=0, U0 =
For T>0and X », U =Y
For T> 0 and X =0
- . pb GaxprESS® 4+ FACTR* EXP |- L
oX U |

PRESS * EE * EXP(-E/U)
1 + PRESS * EE * EXP (-E/U)

The dimensionless velocity is

REX = RR * EXP(-R/U) + FACTR * CB * EXP(-1/U)

where FACTR =

whe.e U is the surface temperature.
Numerical solutions to Equation (1A) were obtained by means of a modified
Schmidt Method.

In orcer to check the numerical solution, it was necessary to obtain a
solution to Equation (1A) with the non-linear terms eliminated. The solution

to the equation

U Claul . %
or - REXF [ax T %2 (2A)

with initial and boundary condition of

T=0, U=Y; T>0 and X w U=Y; and T > 0 and X = 0, --a-)-(-=F

with REX constant was derived. The surface temperature, Ugs is

— 1/2 -
1 T ' REX * T l 1 ' gREX)Z* T’
- - »* ———— l — 3 - - * l
Us Y F REX L Hl EXP 4 REX L 2

. EFRC[jBEXEi_I o

a—t

This solution reduces to the well-~known solutions for a zero velocity or for
the steady-state ease; these reductions are not trivial. Satisfactory agreement
between the numerical solutions to Equation (1A) and Equation (zp) were

obtained.



APPENDIX B.

THE IGNITION OF COMPOSITE SOLID PROPELLANTS
BY HOT GASES*

ABSTRACT

The University of Utah has been engaged in a research program directed
toward understanding propellant ignition. One part cf this program has been
concerned with the behavior of solid propellants during ignition by conveclive
heating. There is an obvious interest in this type of study since solid
propeilants are often ignited by sources which transfer most of their energy to>
the propellant surface by convection from hot combustion products.

In the experimental work described in this paper, propellant was ignited
by shock-heated gases passing over the surface of a sample mounted in the wall
of a test section at the end of a shock tube. Convective heat fiuxes of 20 to
150 cal/(cm)“(sec) were obtained at the propellant surface.

Various propellant compositions were studied to determine the effect of
propellant ingredients on ignition behavior. It was found that propellants
containing catalysts such as iron oxide and copper chromite, normally added to
propellants to increase their burning rates, are more easily ignited than non-
catalyzed propellants. Another interesting observation was that some propel-
lants become more difficult to ignite as the velocity of the hot gases c(rossing

their surfaces is increased.

INTRODUCTION

The ignition of composite solid propellants by convective fluxes is «1
considerable interest since igniter systems for many solid rockets depend on
hot gases for ignition. Not all of the information from ignition experiments
1s directly usable for predicting the ignition requirements for rockets, since
other considerations, such as flame spread, are important in large rockei igni-
tion. Laboratory ignition experiments, however, do provide information on

the response of a propellant surface to convective heating and on the ettect

¥ Reference, figure and table numbers refer to items in this appendix.



of additives that might be obscured in a large-scale rocket tesr. Furthermore,
the behavior of composite s¢lid propellants during ignition under convective
heating has provided considarable insight into the mechanism of solii propellant
ignition

Studies on ignition of composite propellants under conveccive fluxes have
beecn reported by Baer, et al (1], Lancaster, et al [2], Grant, et al. [3],
Hermance, et al. {4], and Bastress (5] In none of this earlier work however,
was there reported an attempt to 1nvestigate the recle of propellant ingredients
in composite propellant ignition. 1In this work composi:ional changes were made
in an ammonium-perchlorate propellant system to determine their effect on

energy requirements and other i1gnition characteristics,

ADAPTATION OF THE SHOCK TUBE FOR _IGNITION STLDIES

The shock tube used to generate hot gases in this work was 1-7/8-1nch
inside diameter with a 52-foot driver and 15-foot driven section This was
the same tube used by Raer, et al. [i] for prior tests. For the experiments
described in this paper, the drisen end of the shock tube was modified to
provide a means of passing shock-heated gases over the surface of a propellant
sample Figure ) shows a cut-away sketch of the ariven-end of the shock tipe and
the test section used for 1gnitioun studies ¥igure 2 is an exploded view of
the test section illustrating how the propellant sample holder, quartz window,
and flow control orifice are firted to the test section. The test section
as shown in Yigure 2 has a rectangular flow channel, 0 25 inches by 0.5 inches,
with a bell-mouthed entrance The velocity of the hot gases passing through
the test section is varied by the use of differenc critical flow orifices down-
stream of the propellant position

Before the ignition tests were performed, heat flux at the sample position
was nmeasured with a heat flux gauge (a thin-film platinum resistunce thermometer
on a glass or ceramic substracte). Tlhe results of the heat transfer study were
correiated 1n terms of shock parameters and gas properties so that the heat
transfer to the propellant surrace could be calculated Baer , Ryan, and Salt [1]
ound, and 1t was verified by this work, that the transient heating process at the
~atmpie posicion could be represented by an .astantaneous femperature rise resulting
1w reflected sheck, fol'owed by a one-dimensional heating of a semi-infinite

so:rid through constant heat transfer coefficient
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Use of this coeffircient permitted calculation of the mean flux to the surface
of the propellant sample up to the vaset cf i1gnition.

The shock tube 15 a usef 1l tool fer i1gnition research by convective
heating since 1t provides a m-ans foi procecing hot gases 1n a few micro-
vozands , but there are some l1mizarions Lo 10S oSk One of these 1s che
lenuin of time processed gases ar¢ avaiiable for experimental wori
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EXPERIMENTAL RESULTS ON IGNITJON

Several different ammcnium perchlorate propellants were tested The
control propellant for this study is Utah F propellant. This propellant has
a binder of polybutadiene-acrylic acid polymer cured with Epon 828 The
complete ccmpositions of this and other propellants tested are given irn Table
I. Some of the variables investigated were (1) particle size of ammonium
perchlorate, (2) per cent of ammonium perchlorate in the propellant, and
(3) the effect of additives used for modifying burning rates. All of the data
reported here were obtained by use of nitrogen as the environmental gas to
prevent chemical interaction between propellant decomposition products and
heating medium.

Ignition of propellant was observed through a quartz window opposicte the
propellant position in the test section with an 1P40 photoelectric cell Both
the direct light signal and a differentiated light signal from the photocell
were displayed on an oscilloscope screen and recorded with a camera. Ignition
of the propellant was taken as the time at which the differentiated photocell
signal was rising almost vertically. High-speed motion pictures indicated
that at this time steady deflagration was established on the propellant surface,
and the flame was spreading rapidly over the surface.

In Figures 3, 4, 5, and 6 are presented ignition results on propellants
studied. The data from ignition experiments are plotted in the form of mean
su-7ace heat flux, F, cal/(sec)(cm)? versus square root of the ignition time,
til/Z, where ti is in milliseconds. Th.s method of presenting the data is
suggested by the thermal ignition theories {6, 7]. The mean surface flux is
defined as the constant flux which would bring the surface of the propellant
to the ignition temperature in time ti. Thermophysical properties of the
propeilants used for this calculation are given in Table II. Thermsl dif-
:us1vity, heat capacity and density were cetermined experimentally for propel-
lants F and G, and the thermal responsivity, ™, was calculated. The thermal
responsivities were estimated for propellants J, S, and U. 1t was assumed for
the purpose of heat flux calculations th:t the thermal responsivity of the
propellants remained constant at their 60°C values. Each data point in the
{igures represents one ignition run. It is estimated that the calculated flux
at ignition is within five per cent of the true value.

The ignition data for propellant F shown by Figure 3 is representative

of much of the ignition data obrained in this study. The composition of this

propellant as given in Table I includes 2.0 per cent copper chromite catalyst
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and 80.0 per cent of a bimodal blend of ammonium perchlorate (AP). The
coarser AP has an average particle size of 200 microns, but some of the parti-
cles are as large as 400 microns. When the surface of ithe cured propellant is
cut with a sharp razor blade, it is possible to cut throvgh most of thz2 AP
particles, but some of the AP particles are fractured and a few are pulled
from the propellant matrix. It is estimated that the surface rouguness of the
propellant is of the order of 20 to 30 microns when tested. The plotr of nezt
fiux versus the square root of ignition time on the logarithmic graph shows

a set of d;ta for each gas velocity in the test section. The gas velocity is
expressed in terms of Mach Number. The gas velocity corresponding to a Mach
Number of 0.13 is about 100 meters/second Note that the pressure in the test
section when varied from 18-25 atmospheres does not appear to have a notice-
able effect on the ignition time. Although not specifically indicated on the
graph, the slopes for the two sets of data are the same, approximately -1 0
Because of the uncertainty in the heat flux results it is impossible to deter-
mine the exact slope of a set of data within perhaps 5 per cent. The fact
that these ignition data have a slope cof -1.0 means that the propellant ignites
at approximately the same surface temperature regardless of the flux level
This temperature is different for each gas Mach Number.

Ignition data for propellant S and U are given by Figure & and 5,
respectively. These propellants are similar to F propellant in that they each
contain 2.0 per cent copper chromite catalyst. However, both propellants
have only 75.0 per cent of a single size AP. Propellant S has 85-micron AP
and propellant U has 1l5-micron AP. Because of the finer particl. size, the
surfaces could be cut much smoother than on propellant F. It is estimated
that the surface roughness was about 10-15 microns on S propellant and about
* microns on U propellant. Propellant S, although having a finer particle
si1ze and lower level of AP, shows essentially the same ignition character-
istics as F propellant. Propellant U with extremely fine AP does not ignite
as easily as F propellant at low gas velocities (Mach 0.13), but 1gnites 1in
about the same time as F propellant at intermediate gas velocities (Mach 0 28)
Ignition data are also given for U propellant at extremely high gas velocities
(approximately Mach 1). By comparing results from these three propellant
compositions, propellant F, S, and U, it appears that the only significant
difference in ignition characteristics occurs as the result of the extremely

small particle size AP encountered with propellant U.
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Except for the catalyst (iron oxide in J propellant), the F and J pro-
pellants have the same composition. Ignition characteristics for propellant
F and J are almost identical, (compare data of Figure 3 with those of Figure 6
B). The only difference in ignition behavior 1s that at lower gas velocities,
propellant J ignited more easily For a gas Mach Numbter at the propellant
surface of 0.07, the data for F propellant (not snown) are coincident with
the data obtainad at Mach 0.13 for F and J propellant.

In addition to the propellants described above, an attempt was made
to ignite propellant G which did not contrain a burning rate additive.
Otherwise, it is similar to propellant F. Propellant G was tested under the
same conditions as the other propellants, but 1n none of these tests was there
an indication of ignition as observed by Lhe photocell. Examination of re-
covered samples from some of the runs under extremely high convective fluxes,
100 cal/(sec)(cm)a, showed charring of the polymer at the surface of the
sample. For one test on propellant G under both high flux and high gas velocity,
some of the polymer had charred and carbon was deposited on the edge of the
sample holder. Obviously, some AP had decomposed, but it was difficulc to
estimate the extent of this decomposition. It is believed that 1f the appara-
tus were not limited with respect to test time propellant ¢ would have

ignited at least at the low gas velocities.

ANALYSIS OF RESULIS AND CONCLUSIONS

lgnition data obtained by three different experimental methods are shown
by Figure 7Bin terms of heat flux versus the square root of ignition time.
These data are for similar propellants. As these results show, data from
the three types of experiments, although not coincident, are well represented
by straight lines all of which have approximately the same slope Price, et
al. [8] found that under high fluxes, greater than 50 cal/(cm)“(sec), with
the carbon-arc image furnace that the data could no longer be vepresented by
a straight line. The line which describes the data for the carbon-arc
image furnace and also the lines for the shock tube data have slopes near
t..nuws ore. This slope agrees with the value found by Evans, et al 9, for
ignitlon of pellets of AP, caroon biack, and copper chromite. Tne thermal
ignition theories waich are tie only presently available models for non-
hypergolic ignition predict silopes from O 80-0.95, but do not explain values
¢qual to exactly minus one The slope of the line which describes the radi-

ation rurnace data. however, was determined to be -0.91.



Tne fact that the data frem these experiments can be represented graphically
as suggested by thermal ignition theories gives support to the theory that igni-
tion of some composite propellants does indeed begin with a surface or bulk
reaction. Because the pressure effect on ignition time is small in the presence
of a non-reactive envircnmental gas 1t appears that tne contribution of gas-phase
reactions in the rate-controiling phase of the ignition process 1s small, at least,
for propellants catalyzed with copper chromite or iron oxide Ine nature of the
surface reactions which lead to steady deflagration cannot be described within
the present state-of-knowledge on ignition

This work has shown that composite propellants are apparently ignited more
easily by convective fluxes than by radiant fluxes, but the ignition time atr a
given flux level is influenced by the gas velocity over the propellant surface.
Data for propellants containing different particle size AF showed that only very
fine AP, such as that used in propellant U, significantly modified ignition
characteristics. For coarser AP and different levels of AP, propellants F and S,
- appreciable change in ignition time was observed. These results tend to indi-
- .te that surface roughness is i1mportant in the 1gznition of propellants under
convective fluxes. There appears to be no =zasy way to explain the shift in igni-
tion time with gas velocity An explanation of this effect must await {urther
research. The presence of 2 burning rate catalyst i1n the propellant 1s extremely
important for convective ignition, and more information is needed on the role of

additives in the ignicion process. .
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Table IR

Propellant Compositions

Ingredients, Weight Per Cent

Propellant PBAA Catalyst(z) Ammonium Ammonium Perchlorate
Code Binder (1) Perchlorate Particle Size(3)
F 18.0 2.0 Copper 40.0 15 micron
Chromite 40.0 200 micron
G 18.0 None 41.0 15 micron
41.0 200 micron
J 18.0 2.0 Iron Oxide 40.0 15 micron
40.0 200 micron
S 23.0 2.0 Copper 75.0 85 micron
Chromite
U 23.0 2.0 Copper 75.0 15 micron
Chromite
(1) Binder for these propellants was composed of 85.0 per cent liquid
polybutadiene-acrylic acid copolymer cured with 15.0 per cent
Epon 828. Propellant was cured seven (7) days at 80°C.
(2) The copper chromite was copper chromite catalyst Cu-0202P from cthe
Harshaw Chemical Co., and the iron oxide was a pure red iron oxide,
Code R-1599, from C. K. Williams and Company.
(3) Ammonium perchlorate of the designated particle size means that

50 weight per cent of the particles have a diameter less than the
value indicated.



Table IIB

(L

Thermophvsical Properties of Propellants

Thermal Heat Density Thermal
Propellant Diffusivivy Capacity at 25°C Responsivity
Code cm?/sec cal/(g)(°C) g/cc cal/(sec)*/3(cm)23(°C)
F 5.00170 0.316 1.63 0.0212
G 0.00171 0.311 1.60 0.0206
J - - 1.63 0.0206(2)
S - - 1.58 0.0203(2)
U - - 1.58 0.0203(2)

(1) These properties are for a temperature of approximately 60°C.

(2) Thermal responsivity was estimated for this propellant from
experimental data on a similar propellant.
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APPENDIX .

RECENT RESULTS CONCERNING THE HOT-WIRE IGNITION
OF COMPOSITE PROPELLANTS

ABSTRACT

Ignition times for composite propellant samples containing imbedded,
electrically nheatea wires have been meast d 1n the range from .0l to 10
seconds It was demunstrated that the precise 1gnition time can be dzter-
mined bv caretully observing the voltage across the constant-current heated
wire. Linear surface temperatures at ignition for the propellant were cal-
culated from a known solution of the heat conduction equation which accounts
for temperature gradients 1in the heated wire. These calculated temperatures
4re compdred to the results from thermal radiation and forced convection 1g-

nition tests ohtained from the same propellant.

INTRODUCTION

One of the most obvious methods proposed for the laboratory study of the
ignition of scalid propellants is to imbed electrically heated wires in small
Zraine snd to determine the relationship between the rdate of thermal-energy
Zeneration 1n the wire and the ignition time  The apparatus and instruments
required for such a studv are the essence of simplicity; and, by suitable
techaiques. the energv-generation rates and the ignition times can be pre-
cisely determined If the diameter of the wire is significantly larger than
the diameter ot the particles 1n the propellant, the propellant surface near
the wire would be similar to that of the surface formed during motor casting.
Such 3 surface 1> normallv exposed ro the motor igniter action. The major
objection, to hot-wire 1gnition are that the gaseous pressure at the wire-
propellant inteviace canpot be precisely defined and that the effect of re-
active gases on 1gnition cdnnot be studied. When pressure does not have a
signiticdant effect on the rgnition process and 1f hypergolic ignition is not
being considered. these objections are not important. Presumably the exnperi-
ment ¢ sn He designed to determine 1f gasification near the wire surface re-
sults 1n 9 si1gniticant Jifterence between the wire and propellant surface
temperatures

The work by Altman and Grant |1 developed almost the only published

data which were ohtained by employing this technique. They found that tleir

U A oo <2 d 4 o owmaabers 1 ooor ot as Within o a.s
e o,
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ignition data could be explained by assuming 2 propz2llant 1gnition tempzricure
of about 390°C. Because their method for determining 1gniticn reqQuired the
flame to travel through the propellant some distance 1n some unknown C1me 1n-
terval, they were able to consider only 12n1tion times g-edtsr than 3bout ons
second .

The objective of the work reporced her2 was to evaluate the technique of
ignition on hot-wires for time intervals :zhorter than one second Pulses cf
energy were applied to wires for periods controlled b, 1n electrical pulse
generator. Ignition was originally defined 1ir terms of a go-or-nov-go cri-
terion. Early in the work 1t was discovered thot the 1gnitior time could be
precisely determined by obszrvation of irregularities in the voltsg: s1vnal

from the heated wire, and use was made of this 1nformstion 1n subs=quent tests

APPARATUS

Figure 1 shows a cross section picture (with one-half of the propellant
cut away) of a propellant sample containing the imbedded hezting wirz Nichrome
V wire of 0.103 cm diameter (18-gage) was crimped between two short lengths of
1/8-inch o.d. copper tubing. The copper tubing served to produce good el-ctri-
cal contact to the resistance wive and to binding posts. The length of the Ni-
chrome wire between the copper contacts was 1/2-inch. The resistance wire and
ends of the copper tubing were cast i1nto the propellant sample 1n the manner
shown in Figure 1  The initial propellant temperature was room temperature,

27 +2°C. The propellant sample size was always largs enough to insure rhat
it could be treated as 4n infinite bodv in the time scale of 1interest The
propellant was Utah '"F'" propellant, and Table 1 gives the thermal properties
of this propellant Tahle 1 also gives the thermal and electrical properties
of the Nichrome V wire.

A schematic diagram of the electrical system 1s shown in Figure 2. Elec-
trical current was supplied from a 12-velt automotive batterv  The period for
current flow through the imbedded wire was controlled by activating and dea.t1-
vating a relay by mean- of the pulse generator. The magnitude of the electiical
current was controlled bv inserting fixed lengths of air-cooled Nichrome V wire
in series with the battery and the heating wire Cvntrolled curreant -pulses of
20 to 300 ampere magnitude for durations from Ol to 10 seconds were easily
obtained.

The current through the heating wire was determined by measuring the

voltage across a known resistance in series with the wire This voltage and
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A section view of the cast propellant
sample with imbedded wire and copper contacts
shown in place  One half of the propellant has
been cut daway to show the details of the wire
placement .
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the voltage across the heated wire and contacts ware displayed on separate
traces of a dual beam oscillosiope. The oscilloscope trace was photographed
to yield & permanent record The oscilloscope swzep was triggered where
voltage was tirst supplied to the relay or about 20 msec h2fore the relay

closed.

HEORY

Although diata from hot-wire igniticn tests may be useful when evaluating
propellants and in develcping {znition theories, the primary objective of
this work was to evaluate the method for study. This evaluation is probably
best made by comparison to other test methods, and the best quantitstive evalua-
tion is to compare the vilues of the linearly calculated surface-temperature
at ignition for hot-wire fgnition to values obtained from other methods of
testing on the same propellant and under comparable conditions.

The 1inepr-surface-température atdignitlon fs calculated by considering
the propellani to be chemi(éllv passive and to have constant thermal properties.
In this case only the linear, partial differential equation describing heat
flow 1n thé:solid ;ééd\ﬁe solved. Tu the case of 3 long wire of infinite
‘thermal condhsti?itv imbedded 1n sn infinfte bodv and with perfect thermal

contact, Carslaw and 14eger {27 show that
)

, 2 R® Q, u“ (1 « exp [-k, t u2/R®]) du
! Ts -TO' ‘K U"’A(U) Ii..

™

Y

" where ‘rs 15 the interface temperature between wire and propellant, To the

i.-initial, uniform propellant t&fperature, R the radius of-the wire, Q,

energy generation rate per unit volume in the wire, K and k the thermal
conductivttv and thermal diffusivity respectively of the propellant, and

t is time. ‘The parameter a= 2(02C2)/(91C1) where p and C are, respectively,
density and heat capacitv and subscripts 1 and 2 refer to the wire and pro-

pellant, respectively. The function

’ Suselud W -ag WMP+uyY @ -ay W)

where J and Y are the conventional designation for Bessel functions. When
evaluated at the ignition time, Tq is the linear surface-temperature at
ignition. Table IT shows a2 short tabulation of the'integrul from Equation (1)
obtained by numerical inteygr4tion for parameters corresponding to the thermal

properties shown in Table 1.
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Althought the thermal cond:ctivitv of Nichrome V 1s much greater than the
conductivity of the F propeilast, the assumption cf a negligible t:xmperature
gradient in the wire mav not b2 valid at very high hesating rates  The analo-
gous result to Equation (1) in which the wire conductivity 1s .onsid2red to

be finite is also given bv (arslsw and Jaeger 1In this case

P ¢

4Q R’ / (1 - exp |kt B2/R?) J (BrJ _(Byas

v .
Tg " T, =22 K, k| 84195(8) - v=(8)!
where
$(8) = (K/k) J () v (k8) - I (8) Y, (kB) and
V(BY = (R7K) J (B) J (k&) - J (B) J (KB)

The notation s the same 2s for Equation (l), and K and k are respectively the
thermal conductivity retio K /K, and thermal diffusivity ratio v k‘/kz Again
the subscripts 1 and 2 refer to the wire and propellant, respectively Tavole
IIT is a short tabulation of the integral from Equation (2)

Table TV shows a comparison of calculated values of the i1nterface (propel-
lant surface) temperatures from Equations (1) and (2) for internal energv genera-
tion rates which would produce an interface temperature rise of 200°C in the
indicated times  The properties of the wire and propellant were those of the
present system It app2ars that, except for vary short time intervals, the
temperature gradient 1n the wire may be neglected.

The rate 2t which eneryg: is tran.ferred from the wire to the preopzllant
is simply the difference between the rate of energs generation and accumulation
in the wire The heat flux 3t rhe 1nterface is this rate of transter divided
by the wire surface area. 1f the wire temperature is assumed to be uniform,
the rate of energy accumulation 1n the wire may be obtained by ditterzntiating

Equation (l) with respect tc¢ time The heat flux, F. can thep be obtained as

O
RQv a / expl -k> t u?/R?)du
F = —-— ]'4"{"5 | u A(U) {

3 (30)

QO

Figure 3 is a plot of Equation (3) 1n which the thermal properties of Nichrome
V and "F'" propellant are assumed For a given value of Qv' the flux is low for
time intervals less than about one-half second and is relatively constant for

longer time intervals



X
‘
N
3
|

;

i

i

i

]

i

.
4

j

i

[
»

C

_ e \

DIM. FLUX, 2F/QvR

Ol o.1 . 1.0
TiklE, SEC

FIGURE 3 C.

Calculated dimensionless heat flux at the 18-gage Nichrome V wire "F"
propellant interface plotted against the heating time. A uuiform wire
temperature was assumed. The dimensionless flux can be interpreted as
the ratio of the rate at which energy tlows to the propellant to the
total rate of energy generation 1n the wire.

10O.



c 8.

EXPERIMENTAL RESULTS

Earle in the =xpa2rimental program it was observed ‘that coincidenc wtth

. propellant {ignition 5 sudden decrsase in the voltage drop across the heated

wire occurr2d. [t was concluded that this decrease in voltage was coincident f:'

with 1gnition (1n the time scale of interest) since decreasing the heating
1nterval of the wire prodused a condition in which neither»ignition nor this‘>ﬂ_
voltage decrsase occurred. This decrease in voltage can be seen in Figure 4. :
The decr3se occurrec just pefore the relay opened and cut off the current. A
pulse width slightlyv less than shown would not produce ‘ignition.. The decrease
in voltage +cross the hedted wire is possibly the result of fonization in the
confined flame. Once it was confirmed that ignition could be detected by ob-
sarvation of the voltage trace, the ignition time was taken to be the period
from the first current flow until the voltage decrease across the wire. A
voltage increise before ignition wonld be’ lnterpreteo ‘88 nvidence of gasifica-
tion which would {psulate the wire surface and cause a rapid tnLrease in tem-
perature, resistaoce of the wire, and voltage drop. Such an increasc was
never observed. ? ‘ o

Table UV gsummarizes the test conditfons and ignition results. Figure 5
shows the ignition ¢rty az a plot of the average volumetric energy generation
rate, Q . versus 1gnition time. Except for an unexplsined deviation cf the
dsta at the maximum héating rate, all results lie on a smooth curve. Also

shown c©n Figure S s @ line tepresenting the Q relationship for a constant

vilue (427°C) of the 1gnition temperature. Althoigh the conclusfon that igni-
tion occurs at 4 constant ignition temperature appears attractive and could be
suppo;tea By a casual inspection of Figure 5, the logarithmic plot {s somewhat
misleading. -The 'best fitr line" definitely crosses the line calculated on the
basis of a constsnt ignit{on temperature. Tt appears that the ignition tempera-
ture increises aé‘shoriér'ign{tion times.
The energy generation rate was calculated as
2 Ri

Q, T (40)

where T 15 the dvéfdge electrical current, R, the wire resistance per unit
length, and A the wire cross sectional area. The current decreased slightly
during = test {see Figure 4),and an avérage value was used in Bquation (4).
Since the temperature coefficient of resistance of the Nichrome wire is quite

low, room t:imperature resistauce values were satisfactory for calculation

purposes.
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Fignre 40

The oscilloscope trace from a hot-wire
ignition test. The upper trace is the current in
the circuit (5.5 ampere/division), and the lower
trace the voltage across the heated wire and con-
tacts (0.2 voit/division). The time scale 1is in-
creasing from left to right at 0.2 sec/division.

Nete the irregularity in the voltage trace which oc-

curred just before the relay opens and the current
goes to zero. This irregularity in the voltage
signal is coincident with the propellant ignition.

(e
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FIGURE 5 C.

A summary pl t of the hot-wire igrition data. The line labeled "Best
Fit' was obtained by use of a least-squares analysis. The data at the
highest heating rates were considered to be unreliable and were not in-
cluded in the analysis.
of Equation (2) for an assumed interface temperature rise of 400°C and
thermal properties corresponding to the 18-gage Nichrome V wire and "F"

propellant

The line labeled 400°C was calculated by means
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The relaricaship betwesn the linear-surface-ignition remperature and the
1gnition time 1% shown 1n Figurz 6 for the hot-wire ignition tests Also shown
#te 31milor valuzs obtained from 1gnition tests on the F propellant by thermal
radist1om 10 « high teupzrsture furnace |3} and by high convective flux hesting
1n 1 shock tubz 14! [h2 hot-wire 1gnition temperatures lie above the values
obtained from rhe radistion furmace and from the shock tube. The difference
between the hot-wire and radistion furnace results might be rationalized by
postulating that » polvmer t.lm over the heated wire tends to delay the igni-
tion The diff-r-ace bztwz~n rhe shock tube and hot-wire data is too great
to be explained 1n this msnner A" rhough the difference could be the result
of a pressure effect, 1t 4ppears mor= likely that the difference results from
an effect of surface roughness whan heating by convactive means [4.. It would
be difficult to der2rmiu- which 1gnition values sre more nearly corrvect. It
is interesting (0 not= thst the hot-wire 1gnition data cover & range which
overlaps the data from the low-flux radiation furnace and the high-flux shock

tube

CONCLUSTONS

This zvsluation -tudv snowsd that reasonable hot-wire ignitiorn data csn
be obtzined by using very si1mple apparatus; the dats were quite reproducible
and cor be 1aterpr=ted an s colatively simple manner. Enérgy generdtion rates
At= measured directi. during s run, and propellant surface fluxes can be ac-
curately calcularced Izartion ¢2n be detected by observation of the voltage
signal across the el-crrivaliyv hested wire. This is one of the few ignition
detection systems which does nor depend upon light emission from a flame.
Ignition tim2s were measured from Ol to 10 seconds, a three order of magni-
tude range, and rher- 3pp-ars to be Yo reason why the range cannot be extended
to rimes less than | mued Accurate measurement of ignition times over a two
order of magnitud- rang 1~ hevond the capability of most present laboratory
appar4datus ur<d for the <tudy of 1gnition

Nu evidencr w4s found to 1ndicate that significant gasitication occurred
near the wite hefore 1unition occurrad.  The hot-wire ignition dats i1ndicated
that the lin-ar-surfsce tomporsture at 1gnition increased as the ignition time

decreased this r2sult 15 1n azreement with the thermal 1grition theories.
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The calculated surface-temperature at ignition
for the "F" propellant as determired by use of
low flux thermal radiation [3], high convective
fluxes (shock tube) [4], and conductive transfer
from hot-wires. The lines vepresent the average
of smoothed data from each apparatus.
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Table IC.

Summary of Thermal and Electrical Properties

of "F'" Propellant and Nichrome V Wire at 60°C.

Property Propellant Wire (18 gage)
Thermal Conductivity, cal/(sec)(cm)(°C) 8.8 x 1074 026
Heat Capacity, cal/(gr)(°C) .316 108~#
Density, gr/cc 1.63 8 22
Resistance, ohm/cm length -- 1.3t x 1072
Temperature Coefficient of Resistance, °C™! -- 1 3 x 107 %%xx

*  This value is from:
Silverman, L., "Thermal Conductivity Data", Jour. Metals, 5, 631-2 (1953).

#*¥  This value is from:
Douglas, T- B., and J. L. Dever, "Enthalpy and Specific Heat for Four
Corrosion Resistant Alloys at High Temperatures', Jour. of Research
National Bureau of Standards, 54(1), 15-19 (1955).

*%% This is a value supplied by the manufacturer (Driver-Harris Co., Harrison, N.J.).
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Table II C.

(o

A Tabulation of the
for ¢ = 1.165 where

tu = fu g () - 23 WE+ (oY ) -aY@]l®

M Value of the Iategral
0.005 0.9953 x 1072
.010 1940 x 1071
.025 4611 x 1071t
.050 .8714 x 1071
.10 .1609
.25 3448
.50 .5833
1.00 .9330
2.50 .1570 x 10t
5.00 .2152 x 10*
10.00 .2779 x 10t
25.00 .3628 x 10!
50.00 4270 x 10°

100.00 .4908 x 10!



Table II1 (.

>

.MBZ
(L-e ) JO(B) Jl(B) dg

the Integral

A Tabulation of the | 55 [42(F) - v2B)]
for K = 29.7 and k = 4.15 where

o(B) = (R/K) J,(B) Y (kB) - J (B) Y (kB)
y(8) = (K/k) J, (B) J (kB) - J (B) J (kB)

M Value of
.10 0.1238&
.25 3032
.50 .5900

1.00 <1125 x

2.50 2531 %

5.00 L4471 x

10.00 7518 x
25.00 L1361 x
50.00 1971 x
100.00 .2668 x

10
10
10
10
102
102



Table IVC.

A Comparison of the 18-Gage Nichrome V Wire - "F" Propellant Interface

Temperature Rise as Calculated by Means of Equation (1) and Equation (2)

Time Generation Rate, Q Interface Temperature, AT_(”C)
sec cal/(sec) (em®) M Equation (1) Equation (2§
.01 3.75 x 10% 400 273
.05 8 44 x 10° 400 389
.10 4.39 x 10% 400 396
.50 1.14 x 103 400 398
1.00 6.96 x 102 400 400
5.00 2.72 x 102 400 400
10.00 2.04 x 102 400 400




Table V(.

Summary of Hot-Wire Ignition Datz

Run Electrical Input Energy Ignition

Number Current Rate Time
(amperes) (cal/sec-cm®) (sec)

1. 242 2.2 x 10% 01
2, 267 2.68 x 104 011
3. 289 3.14 x 10° 012
4. 182.5 1.25 x 10% 0u8
5. 177.5 1 18 x 10% 042
6. 188.3 1.33 x 10% 048
7. 180 1.22 x 104 048
8. 87.5 2.88 x 103 . 205
9, 88.8 2.96 x 10° 210
10. 72.6 1.98 x 103 3k
11. 72.6 1.98 x 10° 32
12. 54 1.09 x 10° 45
13. 60.3 1.37 x 103 46
14. 45.6 783 .78
15. 44.6 749 79
16. 31.7 378 1 38
17. 31 2 367 1 34
18. 31.7 377 2 N0
19. 31 7 377 2 15
20. 30.1 341 2.535
21. 32 8 405 2 25
22. 32.8 405 2 10
23. 27 5 284 4.95
24. 26.7 267 4 90
25. 27.2 278 4 60
26. 24.4 224 7.60
27. 23.3 204 8 40
28. 21.1 168 .70
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NOMENCLATURE - Appendix C

cross section area of heated wire, cm?

heat capacity of the wire, cal/(gr)(°C)

heat capacity of the propellant, cal/(gr)(°C)

heat flux at wire-propellant interface, cal/(sec)(cm)?
electrical current, amperes or appropriate units

Bessel function of first kind of order n, dimensionless
thermal conductivity ratio KL/K2’ dimensionless

thermal conductivity of the wire, cal/(sec)(cm)(°C)
thermal conductivity of the propellant, cal/(sec)(cm)(°C)
thermal diffusivity ratio k1/k2’ dimensiorless

thermal diffusivity of wire, cm®/sec

thermal diffusivity of propellant, cm®/sec

energy generation rate per unit volume in the wire, cal/(sec)(cm)3
radius of the wire, cm

wire resistance per unit length, ohm/cm

wire-propellant interface temperature, °C

initial, uniform wire and propellant temperature, °C
time, sec

the ignition time, sec

a dummy variable, dimensionless

Bessel function of the second kind of order n, dimensionless

the ratio 2(c2C2)/(p1Ci), dimensionless
a dummy variable, dimensionless

defined after Equation (2)

defined after Equation (2)
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APPENDIX D

. TABLES

TABLE I

The Compositions of Propellants Containing Various
Ammoni.m Perchlorate Decomposition Catalysts

Ammor §un

Ferchloratex rinder*x Catalyst

Propellant ‘per cant) {per cent) catalyst (per cent)
Y 73,0 23.0 Zinc oxide 2.0
Z 74 .0 23.0 Zinc oxide 2.0
Ferric oxide 1.0
AA ix0 23.0 Chromic Oxide 2.0

(Tech.)

AB P 23.0 Cuprous oxide 2,0
AD 7°.0 23.0 Ferric oxide 2.0

* A 30-5C bierd of l5-micron and 85-micron weight average particle

diameter ammonium perchlorate,

*%  f“he birder is composel of 85 per cent of polybutadiene-acrylic

acid polymer and 15 per cent Epon 828 as the curative.




TABLE II.

A Tabulation of the Integral Useful for Evaluation of Hot-wire

Ignition Data. *

o
(1 - exp{-M82}) J, (B) J; (B) dB
B*[e2(8)2- ¥ (8)]

For the

o

where K and k (KAPPA) are respectively the thermal conductivity and thermal

diffusivity ratios of the wire to propellant and

*(B)
V(B)

(K/k) 3, (B) Y, (k8) - I, (B) Y, (kB) and

I

(K/x) 37 (B) J, (kB) - 3, (B) J; (kB),

the following values are presented:*¥

KAPPA= 3.0 KAPPA= 3.0
K=25.0 K=32.5
M VALLE M VALUE
10C.CO 0.1673G12€ (G2 10C.CC 0.1609482E C2
5C.C0 0.1257399E 02 5C.C0C 0.1175417€E 02
25.C0 0.8775506E 01 25.CC 0.7926791E 01
1C.CC 0.4861016E Cl 1C.<C0 0.4197912€ 01
5.CC 0.2881587€E Ol 5.CC 0.24190C8E Cl
2.5C 0.1622920E 0Ol 2.5C 0.1333030E 01
1.¢C 0.7170036E 00 1.CC 0.5776728E 00
C.5 0.3745359€E-CO C.»0 0.2991874£~G0
0.25 0.1921522E~00 C.25 0.1527965E~-CO
c.1C 0.784C240E-01 c.10 0.6219475€-01
KAPPA= 3.0 KAPPA= 3.0
K=27.5 K=35.0
M VAL UE M VALUE
10C.CC 0.1652355E Q2 10c.cC 0.1588249E 02
5C.CC C.1229333C (2 5C.CQ 0.1149622E 02
25.CC 0.8476525€E 01 25.CC 0.76743¢63E Cl
1C.CO 0.4619103E Ol 1¢.C0 0.4013770E Ol
£.C0 0.2709346€ 0L 5.C0 0.2295628E 01
2.5C 0.1513356E (1 2.50 0.1257973E 0Ol
1.C0 0.6636TL6E 00 1.CC 0.5425017€ CQ
0.5¢C 0.3455386E-00 C.50 0.2803724E-00
C.25 0.1769651E£-00 C.25 0.1430225€-00
G.1C 0.7214C41E£-Cl C.10 0.5817883E-01
KAPPA= 3.0
K=3C.0 * See Carslaw, H.S., and J. C. Jaeger,
M VALLL Conduction of Heat in Solids, 2nd ed., 347,
LOC.CC  0.14630804E 02 Oxford University Press, Oxford (1959).
5C.CO 0.12019)75E 02
25.C0  0.81v3892L Ol *% The number .1673912E 02 should be read
1C.CC S.43708939t Cl .1673912 x 102 etc. The values of the
5.0C  0.2556125t 0L integrals should be accurate to .l per cent.
2.3C O0.1at75318 0Ol
l.CC 0.6177G:9¢ 00
C.:C J.32017C10k-CC
Codd 0.1639930£~-0C

C.1a

0.6080150E-01
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TABLE II. (continued).

KAPPA= 5.0 KAPPA= 5.0
K=25.0 K=32.5
M VALUE M VALUE
10C.00 0.3572779E 02 10C.CO 0.3465954E 02
5C.CC 0.2671928E 02 5C.CO 0.2539890E 02
25.C0 0.1887800E 02 25.C0 0.1747441€E 02
1C.00 0.1085956E 02 1C.cCcC 0.9659561E 01
5.CC 0.6672375E 01} 5.C0 0.5765689E 01
2.5C C.3889088E 01 2.5C 0.3278394E 0Ol
1.00 0.1780529¢ 0l 1.G0 0.1465311E 01
C.5C 0.9462264E 00 c.5¢C 0.7699950E 00
0.25 0.4899283E-00 C.25 0.3962582E-00
0.10 0.2007671E~-00 C.1l0 0.1618615E-00
KAPPA= 5.0 KAPPA= 5.0
K=27.5 K=35.0
M VALLUE M VALUE
10c.00 0.3537019E 02 100.00 0.3430714E 02
5C.C0 0.2627089E 02 5C.CC 0.2497595E 02
25.00 0.1839147E 02 25.C0 0.1704295€ 02
1C.0¢C 0.1043066L 02 1C. GO 0.9312410E Ol
£f.C0 0.6341309t 01 5.00 0.5514230€ 01
2.50 0.3662152€ 01 2.5C 0.3114813E Ol
1.C0O 0.1661457€ 01 L.cC 0.1383585€ 01
0.5C 0.38791564E 00 c.5C 0.7249819E 00
0.25 0.4541337€E-00 C.25 0.3725263E-00
C.10 0.1858635E-00 C.1C 0.1520508E-00
KAPPA= 5.0
K=30.0
M VALUC

100.C0 0.3501433E 02
5C.CC 0.258308lE 02
25.C0 0.1792383C 02
1c.CC 0.1003152E 02

5.C0 0.6040324E 01
2.5C 0.3459831€ 01
1.CO 0.1557256€ 01
.50 0.8209641E 00
0.25 0.4232232E-00
C.1C 0.1730304E-00




TABLE II.
KAPPA= 4.0
K=25.0
M VALUE
1¢cC.cC0 0.2580264E 02
5C.CC 0.1934813E 02
25.C0 0.1360823E 02
1C.CO 0.7704340c Ol
5.00 C.4658784E 01
2.5C 0.2672959E 01
1.CO 0.1203391€ 01
0.50C 0.6342754L 00
0.25 0.3269544E-00
c.1¢C 0.1336912£-00
KAPPA= 4.0
K=27.5
M VALLE
10C.CO 0.2551320E 02
5C.CO 0.18v7841E 02
25.00 0.1320910E 02
1C.CC 0.7364T765F 01
5.C0 0.440966E 01
2.50 0.2505557t 01
1.00 0.1118634¢ Ol
c.bC 0.5873442t 00
C.25 0.3021404E-00
0.10 0.1234143E-00
KAPPA= 4.0
K=30.0
M VALUE
100.C0C 0.2522479E 02
5C.CC 0.1861653L G2
25.00 0.1232807EC 02
1C.CO 0.7051875t Ol
5.C0 0.4178404€ 01
2.5C 0.2357649E 0Ol
1.CO 0.1044996E Ol
C.%0 0.5468749C 00
C.25 0.2608286E- 37
C.10 0.1146071£-00

(continued).

KAPPA= 4.0

M
10C.CO

K=32.5
VALUE
0.2493778E C2

5C.C0 0.1826287E 02
25.C0 0.1246455E 02
1C.C0 0.6762948E 01
5.C0 0.3972619E Cl1
2.50 0.2226055€ 01
1.C0 0.9804273E 00
C.50 0.5116178E 00O
0.25 0.2623241E-00
0.10 0.1069734E-00
KAPPA= 4.0
K=35.0
M VALUE
10C.CC 0.24¢5252€ 02
5C.C0 0.1791768E 02
25.C0 0.1211785E C2
10.C0 0.6495560€ 0l
5.C0 0.3785718E 01
2.50 0.2108244E 01
1.C0 0.9233526€ CO
0.50 0.4806259€E-00
C.25 0.2461052E-00
C.10 0.1002920£-00
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TABLE III.

Calculatco Surtace Icmperatures and Polymer-Gage Interface Temp-

eratures tor Phkaa Coated Pyrex Heat Flux Gages.* The Surface Hear

Flux was 2 385 . s1/(~ec)(sq cm).

Interface

Time Surface Temp Interface Temp. °C Hest Flux
sec C Calculated Corrected** cal/(sec)(sq cm)
0 28 0 28.0 28.0 0
.069 VA 34.5 36.0 1 41
.126 gg 41.3 42.5 1.78
.296 106 > 55.7 56.0 2 06
.580 1724 3 72.4 71.2 2.17
.864 138 ¢ 85.4 83.0 2.24

1.15 145 © 96.0 92.5 2.28
1.43 158 - 105.3 100.6 2.28

2.85 19-. © 141.1 131.0 2.30

4.27 2220 168.2 152.8 2.31

5.68 s 9 191.0 170.6 2.31

7.10 205 0 211.1 186.8 2.33

7.80 2740 220.1 192.3 2.33

* The pol.mer fi1lm wis assumed to be .01 cm thick and the gage semi-
infinite. The thermsl responsivities were .0139 and .0378 cal/(sec)' )
(sq cm) (°C) 1espectively tor polymer and gage, and thermal diffusivities

-3 .
were 0.98 x 10 7 snd 3 36 x 10 3 cm=/sec for the polymer and gage

respectivel

*¥* These temperstures were corrected to account for variation in the
thermal properti - o1 p.urex and should correspond to the measure gage

interface tenpor ot -



REFERENCES

1.

10.

11.

R At L L L D e M e e R e R bR e D)

Adams, G. K.. 3. # Newman. and A. B. Robuis, The Combustion of
Propellants Based upon Ammonium Perchlorate, Eigh h Swvmposium on
Combustion, The Williams and Wilkins Co., Baltimore, 699 (1962).

Altman, D., and A. R Grant, Thermal Theory of Solid Propellant
Ignition by Hot-Wires, Fourth Symposium on Combustion, The
Williams ard Wilkins Co , Baltimore, 158 (1953).

Basteress, E. K.. D. S. Allen, and D. L. Richardson, Solid Propellant
Ignition Studies-Final Report (Confidentizl), Technical Documentary
Report No. RPL-IkD-64-65, Contract No. AF 04(6111)-9065 (1964).

Bogden, L., "Thermal and Electrical Properties of Thin Film
Resistance Gages Used for Heat Transfer Measurements,'" AIAA Journal I,
2172 (1963).

Hermance, C. E., R. Shennar, J. Wernagrad and M. Summerfield, Solid
Propellant Ignition Studies: Ignition of the Reactor Field Adjacent
to the Surface of a Solid Propellant, Final Technical Report on
Grant AF-AFOSR-93-63 (1963).

Hermoni A., and Salmon, A. "The Catalytic Decomposition of Ammonium
Perchlorate in the (-aseous Phase." 1Israel Journal of Chemistry 1,
313 (1963).

Keller. J. A.., and N. W. Rvan, Measurement of Heat Fluxes from
Initiators for Solid Propellants, ARS Journal, 31, 1375 (1961).

Kuratani, Kenji, "Some Studies on Solid Propellants," Part I.
"Kinetics of the Thermal Decomposition of Ammonium Perchlorate."
Aeronautical Research Institute, University of Tokyo, Report No. 372,
July 1962.

Moore, J. and D. E. Sharp, '"Note on Calculation of the Effect of
Temperature and Composition on the Specific Heat of Glass,"
Journal American Ceramic Soc., 41, 461, (1958).

Ryan, N. W.. A. D. Baer, J. A. Keller, and R. C. Mitchell, Final
Technical Report on Ignition and Combustion of Solid Propellants,
AFOSR 2225 (1961)

Solymosi, F. and Kevesz, L., "Thermal decomposition of Ammonium

Perchlorate 1n the Presence of Ferric Oxide." Magy. Kem. Falyoirat,
Vol. 68, p. 29> (Ca 37, 6665 (1962).

e o 8 = et T oyt LT BN YA BRI T LI WELIIRAAT ox  E e ¥ et N i P B B3 et T KRN e v s o eama R e e b e e S s




